INTRODUCTION
============

Diabetic nephropathy (DN) is one of the most severe complications of diabetes \[[@B1]\]. Approximately 40% of patients with DN develop end-stage renal disease (ESRD) \[[@B2]\]. Progression of DN is characterized by gradual renal fibrosis, which is attributed to the excessive accumulation of the extracellular matrix (ECM) manifested by the overexpression of matrix proteins, including connective tissue growth factor (CTGF), fibronectin 1 (FN1), and collagen \[[@B3]\]. In diabetes, ECM deposition in the glomerulus and tubular-interstitial compartment is mainly responsible for tubulointerstitial fibrosis and glomerulosclerosis \[[@B4]\].

Strong evidence has demonstrated that ECM deposition is primarily induced by the epithelial-to-mesenchymal transition (EMT), a process in which epithelial cells transdifferentiate into motile mesenchymal cells \[[@B5]\]. Epithelial cells play important roles in maintaining normal renal structure and function. However, during the EMT, epithelial cells gradually lose apical-basal polarity and intracellular adhesions, along with acquisition of the mesenchymal cell phenotype such as migratory and invasive abilities. This process is also characterized by the decreased expression of specific epithelial proteins, including E-cadherin and zonula occludens-1 (ZO-1), followed by the increased expression of mesenchymal-specific proteins, including α-smooth muscle actin (α-SMA), vimentin, and laminin \[[@B6]\]. Moreover, accumulating studies have confirmed that the inhibition of the EMT in the kidney significantly suppresses the progression of renal fibrosis and subsequent DN \[[@B5]\].

Mechanistic studies have indicated that the transforming growth factor beta (TGF-β)-p53-Smad2/3 pathway plays a critical role in mediating the EMT and renal fibrosis \[[@B7][@B8]\]. Sustained high-glucose levels induce the renal expression of TGF-β, which activates Smad 2/3 by phosphorylation. Then, phosphorylated Smad2/3 translocates into the nuclei from the cytosol and functions as transcription factors that induce the expression of multiple fibrotic genes, including CTGF, TGF-β, and plasminogen activator inhibitor-1 (PAI-1) \[[@B7][@B9]\]. During the above-mentioned process, p53 is required for Smad2/3 nuclear translocation. Activated p53 assembles and binds to TGF-β-activated Smad2/3 and forms a complex that is able to translocate across the nuclear membrane \[[@B7][@B9]\]. Therefore, suppression of the EMT by inhibiting the p53-mediated Smad2/3 nuclear translocation may be an effective strategy for preventing diabetes-induced renal fibrosis and subsequent DN.

Fibroblast growth factor 21 (FGF21) is an important metabolic regulator that induces preventive effects against diabetes and its complications \[[@B10]\]. Our previous study indicated that the administration of FGF21 attenuated type 1 or type 2 diabetes mellitus-induced early-stage renal apoptosis and late-stage DN \[[@B11]\]. Although we found that FGF21 significantly suppressed CTGF expression in the diabetic kidney, CTGF is just one of multiple markers of renal fibrosis at the molecular level. It is not sufficient to conclude that FGF21 induces anti-fibrotic effects in the kidney of DN mice. If so, whether its anti-fibrotic effects are attributed to the suppression of the EMT is still unclear. Additionally, strong evidence has shown that FGF21 is a negative regulator of p53 \[[@B12]\]. Wang et al. \[[@B13]\] reported that FGF21 represses cerebrovascular aging by improving mitochondrial biogenesis and inhibiting the p53 signaling pathway. Another study demonstrated that FGF21 suppresses cisplatin-induced kidney tubular cell injury by suppressing p53 induction and activity \[[@B12]\]. In contrast, a decrease of endogenous FGF21 in the liver is associated with aberrant p53 and TGF-β/Smad signaling during hepatocellular carcinoma development \[[@B14]\]. Moreover, increasing evidence has demonstrated that p53 activity is negatively regulated by the activation of Akt, which is the classic downstream target enzyme of FGF21 \[[@B15]\].

In this study, we mainly focused on test the hypothesized that FGF21 prevents renal fibrosis and subsequent DN by the activation of Akt-mediated suppression of the TGF-β-p53-Smad2/3-induced renal EMT.

METHODS
=======

Ethics statement
----------------

The experimental protocol was approved by the Committee on the Ethics of Animal Experiments of Wenzhou Medical University (IRB number: SYXK2015-0009, Zhejiang, China). The animals were killed under anesthesia induced by intraperitoneal injection of 1.2% 2,2,2-tribromoethanol (avertin) (Sigma-Aldrich, St. Louis, MO, USA) at a dose of 20 µL/g body weight, and all efforts were made to minimize their suffering.

Animal model and treatment
--------------------------

Type 1 diabetes mellitus was induced in wild type (WT) and FGF21 knockout (FGF21-KO) mice (8 weeks old, male) with the background of C57BL/6J by intraperitoneal injection of streptozotocin at a dose of 50 mg/kg/day for 5 consecutive days, while age-matched control mice received injections of the same volume of sodium citrate buffer \[[@B16]\]. After hyperglycemia was stably diagnosed, diabetic mice (WT) were treated with or without FGF21 (produced in our laboratory, 100 µg/kg/day) in the presence of pifithrin-α (PF-α) (intraperitoneally administered at 1.1 mg/kg five times a week; Sigma-Aldrich) \[[@B10][@B11]\] or 10-\[4′-(N,N-Diethylamino)butyl\]-2-chlorophenoxazine hydrochloride (10-DEBC) (intraperitoneally administered at 1 mg/kg seven times a week; Sigma-Aldrich) for 4 months. Same volume of phosphate-buffered saline was used as vehicle. The grouping is as following: control (Con) group (*n*=8), FGF21 group (*n*=8), DN group (*n*=8), DN/FGF21 group (*n*=8), DN/PF group (*n*=8), DN/DEBC group (*n*=8), DN/FGF21/PF group (*n*=8), and DN/FGF21/DEBC group (*n*=8). The technical route was shown in [Supplementary Fig. 1](#S2){ref-type="supplementary-material"}.

Measurements of renal function
------------------------------

Four months after FGF21 and/or PF-α treatment, 24-hour urine collection was done from mice housed in metabolic cages, and the sera were collected after the mice were killed. Blood urea nitrogen (BioAssay Systems, Hayward, CA, USA), urine protein (BioAssay Systems), urine microalbumin (Bethyl Laboratories, Montgomery, TX, USA), and serum creatinine (BioAssay Systems) were measured according to the manufacturers\' instructions. The urinary albumin-to-creatinine ratio was expressed as urine albumin/urine creatinine (µg/mg).

Histological staining
---------------------

The renal tissue of mice was fixed in 10% formalin at room temperature for 48 hours. After dehydration, the tissue blocks were embedded in paraffin and cut into 4-mm-thick blocks, followed by hematoxylin and eosin (H&E) staining for general morphological examination, periodic acid--Schiff (PAS) staining to evaluate glomerulosclerosis, and Sirius red staining and Masson trichrome staining to evaluate collagen accumulation, which represent fibrosis \[[@B17][@B18]\].

Nuclei isolation
----------------

The nuclei of renal cells were isolated using the Nuclei Isolation Kit (NUC-201; Sigma-Aldrich) as previously described \[[@B19]\]. Briefly, 50 mg renal tissue was homogenized for 50 seconds in 300 mL cold lysis buffer containing 1 mL dithiothreitol and 0.1% Triton X-100. Then, 600 mL of cold 1.8 M Cushion Solution was added to the lysis solution. The mixture was transferred to a new tube pre-loaded with 300 mL of 1.8 M Sucrose Cushion Solution followed by centrifugation at 30,000 ×g for 45 minutes. The supernatant containing the cytoplasmic component was saved for later analysis. Nuclei were visible as a thin pellet at the bottom of the tube.

RNA isolation and quantitative polymerase chain reaction
--------------------------------------------------------

Total RNA was isolated from kidney tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The concentration of total mRNA in each sample was quantified with the Nanodrop 2000 Spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The mRNA samples were reverse transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit (PE Applied Biosystems, Foster City, CA, USA). Quantitative polymerase chain reaction was conducted in triplicate using the SYBR GREEN PCR master mix (Invitrogen) on the Stratagene MX3000p Thermocycler (Agilent StrataGene, Santa Clara, CA, USA). The amount of mRNA was calculated by the comparative computed tomography (CT) method, which depends on the ratio of the amount of target genes to the reference gene β-actin.

Western blot analysis
---------------------

Renal tissues were homogenized in lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by centrifugation at 12,000 ×g at 4℃ to collect the supernatant. Equal amounts of protein from each sample were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. After blocking in non-fat milk for 1 hour at room temperature, membranes were incubated overnight at 4℃ with the following primary antibodies: CTGF (1:1,000), FN1 (1:1,000), PAI-1 (1:1,000), collagen I (Col I, 1:1,000), collagen II (Col II, 1:1,000), collagen IV (Col IV, 1:1,000), E-cadherin (1:1,000), phosphorylated cadherin (1:1,000), nephrin (1:1,000), ZO-1 (1:1,000), α-SMA (1:1,000), vimentin (1:1,000), laminin (1:1,000), TGF-β (1:1,000), p-Smad2 (1:1,000), total Smad2 (t-Smad2, 1:1,000), p-Smad3 (1:1,000), t-Smad3 (1:1,000), p-Smad7 (1:1,000), t-Smad7 (1:1,000), snail (1:1,000), twist (1:1,000), slug (1:1,000), phosphorylated mouse double minute-2 homolog (p-MDM2, 1:1,000), total MDM2 (1:1,000), lamin B (1:1,000), and β-actin (1:1,000) (all purchased from Abcam, Cambridge, MA, USA), p-p53 (1:1,000) and t-P53 (1:1,000) were purchased from Cell Signaling Technology (Danvers, MA, USA). After three washes in Tris-buffered saline containing 0.05% Tween 20, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Antigen-antibody complexes were visualized using an enhanced chemiluminescence kit (Amersham, Piscataway, NJ, USA), and the intensity of the protein bands was quantified using Quantity One software (Bio-Rad, Hercules, CA, USA).

Immunoprecipitation
-------------------

Immunoprecipitation (IP) was performed with kidney tissues (30 mg from each mouse) lysed in IP buffer using the Pierce Co-IP Kit (Pierce Biotechnology Ltd., Rockford, IL, USA) as previously described \[[@B20][@B21]\]. Immunocomplexes were determined using specific antibodies as indicated.

Statistical analysis
--------------------

Data were collected from eight mice per group, and are presented as the mean±standard deviation. One-way analysis of variance was used to determine general differences, followed by the *post hoc* Tukey\'s test to determine the difference between groups. Origin 7.5 software (OriginLab Corp., Northampton, MA, USA) was used for laboratory data analysis and graphing. Statistical significance was considered *P*\<0.05.

RESULTS
=======

FGF21 suppresses renal hypertrophy and maintains renal function
---------------------------------------------------------------

Renal hypertrophy and dysfunction are the key symptoms of DN, which were examined to evaluate the preventive effects of FGF21 on DN in this study. We found that the ratio of kidney weight to tibia length significantly increased, indicating renal hypertrophy in DN mice ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). Meanwhile, renal function was also impaired in 4-month-old DN mice, as characterized by an increase of urine volume, urine protein content, blood creatinine level, urine microalbumin level, blood urine nitrogen level, and the ratio of urinary albumin/urinary creatinine ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). However, the parameters representing renal hypertrophy and renal dysfunction were strongly suppressed by administration of FGF21 ([Supplementary Table 1](#S1){ref-type="supplementary-material"}), indicating that FGF21 treatment induces preventive effects on DN. Additionally, FGF21 treatment slightly decreased blood glucose level and glycosylated hemoglobin in type 1 diabetes mellitus mice ([Supplementary Table 1](#S1){ref-type="supplementary-material"}).

FGF21 prevents renal morphological changes, glomerulosclerosis, and fibrosis in the diabetic kidney
---------------------------------------------------------------------------------------------------

Generally, diabetes-induced renal dysfunction is associated with renal pathological changes. H&E staining ([Supplementary Fig. 2A](#S3){ref-type="supplementary-material"}) and PAS staining ([Supplementary Fig. 2B and E](#S3){ref-type="supplementary-material"}) showed that pathological changes were obvious in the diabetic kidney and included tubular atrophy, tubulointerstitial lesions, glomerular expansion, glomerulosclerosis, mesangial cell proliferation, mesangial matrix expansion, and capillary collapse, all of which were suppressed by FGF21 treatment for 4 months ([Supplementary Fig. 2A, B, and E](#S3){ref-type="supplementary-material"}). In addition, Sirius red staining ([Supplementary Fig. 2C and F](#S3){ref-type="supplementary-material"}) and Masson staining ([Supplementary Fig. 2D and G](#S3){ref-type="supplementary-material"}) showed clear collagen accumulation in both the glomeruli and tubule, representing glomerular and tubulointerstitial fibrosis, respectively. In contrast, diabetes-induced renal fibrosis was prevented by 4 months of FGF21 treatment ([Supplementary Fig. 2 C, D, F, and G](#S3){ref-type="supplementary-material"}).

FGF21 prevents diabetic renal fibrosis associated with suppression of renal ECM accumulation
--------------------------------------------------------------------------------------------

Since the ECM is the predominant contributor to diabetic renal fibrosis, the markers represented ECM were examined in this study. The expression of CTGF, a strong inducer of ECM synthesis, was significantly increased in the diabetic kidney ([Fig. 1A](#F1){ref-type="fig"}). Meanwhile, the expression of multiple classic matrix proteins in the diabetic kidneys, including FN1 ([Fig. 1B](#F1){ref-type="fig"}), collagen of types I ([Fig. 1C](#F1){ref-type="fig"}), II ([Fig. 1D](#F1){ref-type="fig"}), and IV ([Fig. 1E](#F1){ref-type="fig"}), were significantly increased. Additionally, the expression of PAI-1, considered both an inflammatory and fibrotic marker, was strongly increased ([Fig. 1F](#F1){ref-type="fig"}). Furthermore, the quantitative polymerase chain reaction assay showed that the mRNA levels of these ECM markers above were also increased in the diabetic kidney ([Fig. 1G--L](#F1){ref-type="fig"}), indicating that the upregulated ECM markers were derived from the kidney rather than transferred into the kidney in an endocrine manner. However, FGF21 treatment for 4 months notably inhibited the increased ECM mRNA and protein expression in the diabetic kidney ([Fig. 1G--L](#F1){ref-type="fig"}), indicating that FGF21-induced anti-fibrotic effect might be attributed to their suppression of the ECM in the diabetic kidney.

FGF21 prevents the EMT in the diabetic kidney
---------------------------------------------

Next, we examined the effects of FGF21 on the EMT, which is the predominant inducer of ECM accumulation and fibrosis in the diabetic kidney. To this end, the protein expression levels of EMT biomarkers in the renal cortex were detected by Western blotting. The results showed that the EMT was significantly enhanced in the diabetic kidney, as characterized by a decrease in the expression of epithelial cells markers, including E-cadherin ([Supplementary Fig. 3A and B](#S4){ref-type="supplementary-material"}) and ZO-1 ([Supplementary Fig. 3A and C](#S4){ref-type="supplementary-material"}), and an increase in the expression of mesenchymal cells markers, including α-SMA ([Supplementary Fig. 3A and D](#S4){ref-type="supplementary-material"}), vimentin ([Supplementary Fig. 3A and E](#S4){ref-type="supplementary-material"}), and laminin ([Supplementary Fig. 3A and F](#S4){ref-type="supplementary-material"}). However, the EMT process above was prevented by FGF21 treatment ([Supplementary Fig. 3A--F](#S4){ref-type="supplementary-material"}). Next, we found that the FGF21-induced preventive effects on EMT in the diabetic kidney were associated with the inhibition of snail ([Supplementary Fig. 3A and G](#S4){ref-type="supplementary-material"}), twist ([Supplementary Fig. 3A and H](#S4){ref-type="supplementary-material"}), and slug ([Supplementary Fig. 3A and I](#S4){ref-type="supplementary-material"}), which are negative transcriptional regulators of E-cadherin. Generally, studies related to EMT focus on tubular cells; however, in this study, we found that FGF21 treatment also preserved the renal expression of P-cadherin ([Supplementary Fig. 3A and J](#S4){ref-type="supplementary-material"}), which is derived from podocytes in the diabetic kidney. Therefore, we also detected the expression of nephrin, a biomarker of podocytes that are classified as epithelial cells in the glomeruli. Nephrin expression was strongly inhibited in the diabetic kidney ([Supplementary Fig. 3A and K](#S4){ref-type="supplementary-material"}), indicating that the EMT occurs in both the tubules and glomeruli of the diabetic kidney. Although under healthy condition, FGF21 treatment had no impact on EMT, which were notably suppressed under diabetic condition ([Supplementary Fig. 3](#S4){ref-type="supplementary-material"}).

FGF21 negatively regulates Smad2/3 nuclear translocation and renal fibrosis by inhibiting p53 activity
------------------------------------------------------------------------------------------------------

In this study, we found that diabetes strongly increased the expression of PAI-1, a classic marker of TGF-β signaling, at both the mRNA and protein levels. Importantly, TGF-β/Smad2/3 signaling is the predominant regulatory pathway of the EMT in the kidney. Western blot analyses showed that TGF-β expression was significantly upregulated in diabetic conditions ([Fig. 2A](#F2){ref-type="fig"}), followed by activity (phosphorylation) enhancement of Smad2 and Smad3 in the diabetic kidney ([Fig. 2B and C](#F2){ref-type="fig"}). Opposite changing pattern of the phosphorylation renal Smad7, negative regulator of Smad2/3 ([Fig. 2D](#F2){ref-type="fig"}) was observed in diabetic mice. Unexpected, FGF21 treatment had no impact on the expression of TGF-β ([Fig. 2A](#F2){ref-type="fig"}) and phosphorylation of Smad2/3/7 in the diabetic kidney ([Fig. 2B--D](#F2){ref-type="fig"}), indicating that FGF21 does not affect TGF-β/Smad2/3 signaling transduction. Strong evidence has demonstrated that p53 is a key kinase that regulates TGF-β-Smad2/3 by binding with Smad2/3. This study showed that diabetes induced p53 phosphorylation in the diabetic kidney ([Fig. 2E](#F2){ref-type="fig"}). Meanwhile, the binding amount of phosphorylated p53 to phosphorylated Smad2/3 significantly increased in the diabetic kidney ([Fig. 2F and G](#F2){ref-type="fig"}). However, FGF21 treatment for 4 months not only suppressed p53 phosphorylation ([Fig. 2E](#F2){ref-type="fig"}), but also attenuated the binding amount of p-p53 and p-Smad2/3 ([Fig. 2F and G](#F2){ref-type="fig"}). Next, we evaluated the nuclear translocation of the p53/Smad2/3 complex by detecting the ratio of nuclear content to cytosol content of both p53 and Smad2/3, which were significantly increased in the diabetic kidney ([Fig. 2H--J](#F2){ref-type="fig"}). However, translocation of the complex was inhibited in the presence of FGF21 ([Fig. 2H--J](#F2){ref-type="fig"}). In order to further confirmed the negative regulating effect of FGF21 on renal p53 activity and its nuclear translocation with Smad2/3, reverse experiments was performed in FGF21-KO mice compared with WT mice. The results showed that compared with WT diabetic mice FGF21 deletion further enhanced diabetes-induced renal p53 phosphorylation ([Supplementary Fig. 4A](#S5){ref-type="supplementary-material"}) and its nuclear translocation ([Supplementary Fig. 4B](#S5){ref-type="supplementary-material"}). Similarly, enhanced nuclear translocation of Smad2/3 were also observed in the diabetic kidney of FGF21-KO mice ([Supplementary Fig. 4C and D](#S5){ref-type="supplementary-material"}), indicating that endogenous FGF21 negatively regulated p53-Smad pathway in the diabetic kidney.

To determine the reason for the decreased interaction between p53 and Smad2/3 in the FGF21-treated diabetic kidney, PF-α (p53 specific inhibitor) was applied. The results showed that FGF21 or PF-α significantly suppressed p53 phosphorylation ([Fig. 3A](#F3){ref-type="fig"}) and the protein-protein interaction between p53 and Smad2/3 ([Fig. 3B and C](#F3){ref-type="fig"}). However, within treatment of PF-α, FGF21 failed to decrease p53 phosphorylation and the binding amount to Smad2/3 ([Fig. 3](#F3){ref-type="fig"}), indicating that the FGF21-mediated decrease in the interaction between p53 and Smad2/3 was purely due to inhibition of the activity of p53 rather than suppressing the binding ability of p53 to Smad2/3. Additionally, we found inhibition of p53 had no effect on FGF21-induced renal AKT activity ([Fig. 3D](#F3){ref-type="fig"}), indicating AKT is not the downstream target of p53. Moreover, diabetes-induced renal fibrosis and ECM accumulation were notably prevented at varying degrees by FGF21 or PF-α treatment, respectively, accompanied by the decreased expression of fibrotic markers and ECM markers, including CTGF ([Fig. 3E and F](#F3){ref-type="fig"}), FN1 ([Fig. 3E and G](#F3){ref-type="fig"}), PAI-1 ([Fig. 3E and H](#F3){ref-type="fig"}), Col I ([Fig. 3E and I](#F3){ref-type="fig"}), Col II ([Fig. 3E and J](#F3){ref-type="fig"}), and Col IV ([Fig. 3E and K](#F3){ref-type="fig"}). With PF-α treatment, FGF21 failed to further enhance the prevention of fibrosis and ECM accumulation in the diabetic kidney ([Fig. 3E--K](#F3){ref-type="fig"}), indicating that FGF21 prevented diabetes-induced EMT in the kidney via inhibition of renal p53 activity.

FGF21 prevents the renal EMT via inhibition of p53 activity in DN mice
----------------------------------------------------------------------

Since we found that FGF21 inhibited the TGF-β/Smad2/3 pathway by attenuating p53-mediated Smad2/3 nuclear translocation, we next examined the role of p53 in the FGF21-induced preventive effects of the EMT in the diabetic kidney. The results showed that diabetes-induced EMT in the kidney was notably prevented by FGF21 or PF-α treatment at varying degrees, with characteristics of increased expression of epithelial cell markers, including E-cadherin ([Supplementary Fig. 5A and B](#S6){ref-type="supplementary-material"}), P-cadherin ([Supplementary Fig. 5A and C](#S6){ref-type="supplementary-material"}), nephrin ([Supplementary Fig. 5A and D](#S6){ref-type="supplementary-material"}), and ZO-1 ([Supplementary Fig. 5A and E](#S6){ref-type="supplementary-material"}), and the decreased expression of α-SMA ([Supplementary Fig. 5A and F](#S6){ref-type="supplementary-material"}), vimentin ([Supplementary Fig. 5A and G](#S6){ref-type="supplementary-material"}), and laminin ([Supplementary Fig. 5A and H](#S6){ref-type="supplementary-material"}). As expected, with PF-α treatment, FGF21 failed to further attenuate renal EMT in DN mice ([Supplementary Fig. 5](#S6){ref-type="supplementary-material"}), indicating that FGF21 suppresses diabetes-induced EMT in the diabetic kidney via inhibition of renal p53 activity.

AKT mediates FGF21-induced suppression of p53 activity and its binding to Smad2/3 by upregulating MDM2 expression
-----------------------------------------------------------------------------------------------------------------

To identify the role of Akt in FGF21-induced negative regulation of p53 activity in the diabetic kidney, a specific AKT inhibitor, 10-DEBC, was applied. The results showed that FGF21 enhanced, but DEBC suppressed AKT phosphorylation rather than its expression in the diabetic kidney ([Fig. 4A and B](#F4){ref-type="fig"}), indicating that renal AKT inhibition model was successfully established. Additionally, FGF21 notably decreased, but 10-DEBC increased p53 phosphorylation in the diabetic kidney ([Fig. 4A and C](#F4){ref-type="fig"}). However, the converse was observed with renal MDM2 in DN mice ([Fig. 4A and D](#F4){ref-type="fig"}), suggesting that FGF21 suppresses renal p53 phosphorylation by increasing AKT-mediated MDM2 activation. Additionally, inhibition of Akt enhanced formation of the p53/Smad2/3 complex ([Fig. 4E and F](#F4){ref-type="fig"}). Interestingly, FGF21 treatment failed to induce inhibitory effects on p53 phosphorylation and subsequent binding to Smad2/3 in the presence of 10-DEBC ([Fig. 4](#F4){ref-type="fig"}), indicating that Akt is the key enzyme that negatively regulates p53/Smad2/3 signaling.

FGF21 prevents diabetes-induced EMT and subsequent fibrosis in the kidney via activation of Akt
-----------------------------------------------------------------------------------------------

The results showed that 10-DEBC treatment enhanced diabetes-induced renal EMT by further decreasing the expression of epithelial cells markers, including E-cadherin ([Fig. 5A](#F5){ref-type="fig"}), P-cadherin ([Fig. 5B](#F5){ref-type="fig"}), and ZO-1 ([Fig. 5C](#F5){ref-type="fig"}), as well as further increasing the expression of mesenchymal cell markers, including α-SMA ([Fig. 5D](#F5){ref-type="fig"}), vimentin ([Fig. 5E](#F5){ref-type="fig"}), and laminin ([Fig. 5F](#F5){ref-type="fig"}). Moreover, 10-DEBC treatment also enhanced diabetes-induced renal fibrosis, characterized by a further increase in the expression of multiple fibrotic and EMC markers, including CTGF ([Fig. 5G](#F5){ref-type="fig"}), FN1 ([Fig. 5H](#F5){ref-type="fig"}), PAI-1 ([Fig. 5I](#F5){ref-type="fig"}), Col I ([Fig. 5J](#F5){ref-type="fig"}), Col II ([Fig. 5K](#F5){ref-type="fig"}), and Col IV ([Fig. 5L](#F5){ref-type="fig"}). As expected, FGF21 was incapable of inducing preventive effects on renal EMT and fibrosis in the diabetic kidney in the presence of 10-DEBC ([Fig. 5](#F5){ref-type="fig"}), indicating that Akt plays a key role in mediating FGF21-induced anti-fibrotic effects in the diabetic kidney.

DISCUSSION
==========

FGF21 is a member of FGF family, which induces beneficial effects in multiple organs in an endocrine manner \[[@B22]\]. Increasing clinical studies have demonstrated that circulating FGF21 levels are dramatically increased in patients with various kidney diseases, including chronic kidney disease (CKD) \[[@B23][@B24]\], kidney transplantation \[[@B25][@B26]\], ESRD \[[@B27]\], early-stage diabetic kidney disease \[[@B28]\], acute renal dysfunction \[[@B29]\], and long-term peritoneal dialysis \[[@B30]\], indicating that an increase in FGF21 levels above baseline is a stress response to induce renal protection. This hypothesis was confirmed by a subsequent study, which showed that the administration of FGF21 maintained renal function in mice with CKD \[[@B31]\]. Kim et al. \[[@B32]\] reported that FGF21 improved insulin resistance and ameliorated renal injury in spontaneous type 2 diabetes mellitus (*db/db*) mice. Our previous studies also indicated that FGF21 supplement prevents, but FGF21 deletion enhances DN progression \[[@B11][@B17]\]. Importantly, we found that FGF21 supplement suppresses renal CTGF expression in the diabetic kidney \[[@B27][@B33]\]. However, CTGF is only one marker of fibrosis; thus, the effects of FGF21 on renal CTGF expression are not enough to identify the anti-fibrotic effects of FGF21 in the kidney of DN mice, which were evaluated in this study.

Four months after diabetes was diagnosed, the symptoms of DN were clearly observed. Meanwhile, fibrosis and it-induced glomerulosclerosis also obviously appeared in tubular and glomerular areas. The above findings indicate that fibrosis developed in both the tubules and glomerulus. Moreover, renal fibrosis was further confirmed by the increased expression of multiple fibrosis and ECM markers in the diabetic kidney. However, all of the above-mentioned symptoms were markedly prevented by the administration of FGF21, indicating that FGF21 induced anti-fibrotic effects in the kidney of DN mice.

Although FGF21 is considered as metabolic regulator, in the present study only a slight glucose-lowering effect (approximately 10%) of FGF21 with the dose of 100 µg/kg was found in type 1 diabetes mellitus mice, which may not be the predominant contributor to the strong anti-fibrotic effect of FGF21 in the diabetic kidney indicating other mechanism must exist. Strong evidence has indicated that the EMT plays a significant role in renal fibrosis and ECM accumulation, which is a hallmark of DN \[[@B5]\]. The EMT can be divided into three different types according to the different biological circumstances in which they occur and the associated consequences \[[@B34][@B35]\]. Among them, the type 2 EMT is implicated in wound healing, organ fibrosis, and tissue regeneration, and induces the generation of activated mesenchymal cells, which stimulate ECM accumulation ultimately leading to tissue damage \[[@B36][@B37]\]. The EMT occurs in the diabetic kidney and is classified as type 2 EMT, which is considered the inducer of diabetic renal fibrosis \[[@B34]\].

In this study, we also confirmed the enhanced EMT in the diabetic kidney with characteristics of decreased expression of epithelial cells markers and increased expressions of mesenchymal cells markers. Normally, the EMT in the kidney refers to tubular EMT \[[@B8]\], but the EMT in glomeruli also plays important roles in inducing podocyte loss and glomerular damage \[[@B38][@B39]\], which was observed in this study. Importantly, the expression of all of the above-mentioned EMT markers was oppositely regulated by the administration of FGF21, indicating that FGF21 induced preventive effects on the EMT in both the tubular and glomerular areas of DN mice. Next, we focused on determining the underlying mechanisms of FGF21-induced suppression on the EMT in the diabetic kidney. EMT-induced renal fibrosis is predominantly mediated by the TGF-β/Smad2/3 pathway \[[@B40][@B41]\]. In this study, we confirmed activated TGF-β/Smad2/3 in the diabetic kidney, characterized by increased renal TGF-β expression and phosphorylation of its downstream Smad2/3. Unexpectedly, FGF21 supplement inhibited TGF-β/Smad2/3-mediated EMT via the suppression of Smad2/3 nuclear translocation rather than inhibiting the expression or activity of TGF-β/Smad2/3. Importantly, we found that renal p53 is a key target of FGF21 that decreases activated Smad2/3 nuclear translocation. Increasing studies have reported that p53 plays an important role in regulating the TGF-β/Smad2/3 pathway \[[@B42][@B43]\]. Activated p53 recognizes and binds to Smad2/3 phosphorylated by TGF-β to form a complex that is able to translocate into the nucleus and acts as a transcription factor of multiple fibrotic genes \[[@B42][@B43]\]. Moreover, *in vitro* and *in vivo* studies have demonstrated that FGF21 can induce inhibitory effects on p53 activity \[[@B13][@B44][@B45]\]. Similar effects were also identified in this study, in that FGF21 supplement suppressed renal p53 phosphorylation in the diabetic kidney, which contributed to less activated p53 binding to phosphorylated Smad2/3 to form the transcriptional complex. We also found that FGF21 supplement failed to reduce the amount and nuclear translocation of p53-Smad2/3 complex in the presence of PF-α, suggesting that suppression of p53 is required in FGF21-induced negative regulation of Smad2/3 nuclear translocation. Next, we mainly focused on determining whether FGF21-induced downregulation of Smad2/3 nuclear translocation via inhibition of p53 contributes to the suppression of EMT and subsequent renal fibrosis. We found that FGF21 supplement was incapable of inducing preventive effects on diabetes-induced renal EMT process and fibrosis in DN mice in the presence of PF-α, suggesting that FGF21 negatively regulated the EMT and subsequent fibrosis in the diabetic kidney by inhibition of the p53-mediated TGF-β/Smad2/3 pathway.

Finally, we explored the underlying mechanisms of FGF21-induced negative regulation of renal p53 activity in the DN mice. Akt, an effector of phosphoinositide 3-kinase, is a serine/threonine protein kinase that regulates a variety of cellular functions and induces multiple beneficial effects in DN \[[@B46][@B47]\]. AKT negatively regulates p53 activity by phosphorylating MDM2, a p53 negative regulator \[[@B48]\]. Then, activated MDM2 translocates into the nucleus and assembles phosphorylated p53. MDM2 carries p53 out of the nucleus for degradation \[[@B49][@B50]\]. In this study, we found that FGF21 supplement increased the phosphorylation of renal MDM2. However, this effect was not observed in the presence of 10-DEBC, indicating that AKT is required for FGF21-induced activation of MDM2. Moreover, 10-DEBC also blocked FGF21-induced suppression of renal p53 and subsequent EMT and fibrosis in the diabetic kidney.

In summary, we confirmed that FGF21 attenuates DN associated with the prevention of diabetes-induced renal ECM accumulation and fibrosis. Mechanistic studies indicated that FGF21 suppressed renal fibrosis in the diabetic kidney by negatively regulating TGF-β-p53-Smad2/3-mediated EMT via activation of Akt.
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###### Supplementary Table 1

Effects of FGF21 supplement on renal function and hyperglycemia in DN mice

###### Supplementary Fig. 1

Technical route of our study. Con, control; i.p., intraperitoneal; PBS, phosphate-buffered saline; FGF21, fibroblast growth factor 21; DM, diabetes mellitus; STZ, streptozocin; DN, diabetic nephropathy; PF, pifithrin; DEBC, \[4′-(N,N-Diethylamino)butyl\]-2-chlorophenoxazine hydrochloride; EMT, epithelial-to-mesenchymal transition; ECM, extracellular matrix; MDM2, mouse double minute-2 homolog.

###### Supplementary Fig. 2

Effects of fibroblast growth factor 21 (FGF21) supplement on renal pathological changes and fibrosis in diabetic nephropathy (DN) mice. After the mice were killed, the renal tissues were collected for the morphological studies. Representative images of (A) H&E staining, (B) periodic acid--Schiff (PAS) staining, (C) Sirius red, and (D) Masson\'s trichrome staining for detection of renal pathological changes, glomerulosclerosis, and collagen deposition, respectively (×20). Semi-quantitative analysis of (E) glomerulosclerosis and (F, G) collagen accumulation was 2019-10-30done based on PAS, Sirius red, or Masson stained slices. Data are presented as mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the control (Con) group, ^b^*P*\<0.05 vs. DN group.

###### Supplementary Fig. 3

Effects of fibroblast growth factor 21 (FGF21) supplement on the epithelial-to-mesenchymal transition (EMT) in the diabetic kidney. Extracellular matrix accumulation and renal fibrosis are always attributed to enhanced EMT; therefore, Western blot analysis was used to examine the markers of EMT in the kidneys including (A, B) E-cadherin, (A, C) zonula occludens-1 (ZO-1), (A, D) α-smooth muscle actin (α-SMA), (A, E) vimentin, and (A, F) laminin. The expression of the negative regulators of E-cadherin including (A, G) snail, (A, H) twist, and (A, I) slug was determined by Western blotting. Meanwhile, (A, J) P-cadherin and (A, K) nephrin, the markers of podocytes, were also examined by Western blotting to evaluate the EMT in the glomeruli. Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the control (Con) group, ^b^*P*\<0.05 vs. diabetic nephropathy (DN) group.

###### Supplementary Fig. 4

Effects of fibroblast growth factor 21 (FGF21) deletion on the renal p53 activity and the nuclear translocation of p53 and Smad2/3. Wild type and FGF21-knockout mice were received multiple low-dose streptozocin injection to induce type 1 diabetes mellitus. Mice in control group were treated with same volume of phosphate-buffered saline. Four months later the mice of each group were sacrificed and the kidney tissues were isolated for detecting renal p53 activity and expression (A), the ratio of nuclear content to cytosol content of p53 (B), Smad2 (C), and Smad3 (D). Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the control (Con) group in FGF21^+/+^ mice, ^b^*P*\<0.05 vs. diabetic nephropathy (DN) in FGF21^+/+^ mice, ^c^*P*\<0.05 vs. the Con group in FGF21^^−/−^^ mice.

###### Supplementary Fig. 5

Effects of pifithrin-α (PF-α) on fibroblast growth factor 21 (FGF21)-induced prevention of epithelial-to-mesenchymal transition (EMT) in the diabetic kidney. Western blot analysis was used to examine the markers of EMT in the kidneys including (A, B) E-cadherin, (A, C) P-cadherin, (A, D) nephrin, (A, E) zonula occludens-1 (ZO-1), (A, F) α-smooth muscle actin (α-SMA), (A, G) vimentin, and (A, H) laminin. Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the diabetic nephropathy (DN) group.

![Effects of fibroblast growth factor 21 (FGF21) supplement on renal extracellular matrix (ECM) accumulation in diabetic nephropathy (DN) mice. Since ECM leads to renal fibrosis, Western blotting was used to examine the expressions of the markers of ECM and fibrosis in the kidneys, including (A) connective tissue growth factor (CTGF), (B) fibronectin 1 (FN1), (C) collagen I (Col I), (D) collagen II (Col II), (E) collagen IV (Col IV), and (F) plasminogen activator inhibitor-1 (PAI-1). The mRNA level of multiple markers of EMC accumulation and renal fibrosis including (G) CTGF, (H) FN1, (I) Col I, (J) Col II, (K) Col IV, (L) and PAI-1 in the kidney with or without FGF21 treatment were examined by quantitative polymerase chain reaction. Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the control (Con) group, ^b^*P*\<0.05 vs. DN group.](dmj-44-158-g001){#F1}

![Effects of fibroblast growth factor 21 (FGF21) supplement on the formation and nuclear translocation of p53/Smad2/3 complex. Western blot analysis was used to examine the expression of (A) renal transforming growth factor beta (TGF-β) and phosphorylation of (B) Smad2, (C) Smad3, and (D) Smad7 as well as (E) renal p53 phosphorylation. (F, G) Immunoprecipitation (IP) was used to examine the protein-protein interaction between p53 and Smad2/3 with or without FGF21 treatment. The nuclear translocation of p53/Smad2/3 complex was examined by changes in the expression of nuclear (H) p53, (I) Smad2, (J) and Smad3, as determined by Western blot analysis. Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the control (Con) group, ^b^*P*\<0.05 vs. diabetic nephropathy (DN) group.](dmj-44-158-g002){#F2}

![Effect of pifithrin-α (PF-α) on fibroblast growth factor 21 (FGF21)-induced suppression of renal p53 phosphorylation and interaction of p53/Smad2/3. (A) The phosphorylation and expression of renal p53 in the presence of FGF21 and/or PF-α were examined by Western blotting. (B, C) The protein-protein interaction between p53 and Smad2/3 in the presence of FGF21 and/or PF-α was examined by immunoprecipitation (IP). Western blot analysis was used to examine the activity and (D) expression of renal AKT and the expression of the extracellular matrix (ECM) and fibrotic markers in the kidneys including (E, F) connective tissue growth factor (CTGF), (E, G) fibronectin 1 (FN1), (E, H) plasminogen activator inhibitor-1 (PAI-1), (E, I) collagen I (Col I), (E, J) collagen II (Col II), and (E, K) collagen IV (Col IV). Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the diabetic nephropathy (DN) group.](dmj-44-158-g003){#F3}

![Effects of 10-\[4′-(N,N-Diethylamino)butyl\]-2-chlorophenoxazine hydrochloride (10-DEBC) on fibroblast growth factor 21 (FGF21)-induced suppression of renal p53 phosphorylation and complex formation of p53/Smad2/3. The phosphorylation and expression of renal (A, B) AKT, (A, C) p53, and (A, D) mouse double minute-2 homolog (MDM2) in the presence of FGF21 and/or 10-DEBC were examined by Western blotting. (E, F) The protein-protein interaction between p53 and Smad2/3 in the presence of FGF21 and/or 10-DEBC was examined by immunoprecipitation (IP). Data are presented as the mean±standard deviation (*n*=8/group). DEBC=10-DEBC (10-DEBC hydrochloride). ^a^*P*\<0.05 vs. the diabetic nephropathy (DN) group.](dmj-44-158-g004){#F4}

![Effects of 10-\[4′-(N,N-Diethylamino)butyl\]-2-chlorophenoxazine hydrochloride (10-DEBC) on fibroblast growth factor 21 (FGF21)-induced prevention of the epithelial-to-mesenchymal transition (EMT) in the diabetic kidney. Western blot analysis was used to examine the markers of EMT and extracellular matrix (ECM) in the kidneys, including (A) E-cadherin, (B) P-cadherin, (C) zonula occludens-1 (ZO-1), (D) α-smooth muscle actin (α-SMA), (E) vimentin, and (F) laminin, (G) connective tissue growth factor (CTGF), (H) fibronectin 1 (FN1), (I) plasminogen activator inhibitor-1 (PAI-1), (J) collagen I (Col I), (K) collagen II (Col II), and (L) collagen IV (Col IV). Data are presented as the mean±standard deviation (*n*=8/group). ^a^*P*\<0.05 vs. the diabetic nephropathy (DN) group.](dmj-44-158-g005){#F5}
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